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 Bistable structures are desirable for actuation mechanisms because they allow for the efficient use of actuators 
by reducing the power required to change and maintain equilibrium positions. There is currently an increased interest 
in compliant bistable structures, especially for use in the fields of soft robotics and human-robot interaction. 
Introducing compliance to bistable actuation mechanisms significantly increases the complexity of both modeling the 
actuation mechanism and synergistically incorporating the mechanism into a system design. This work investigates 
the effects of compliance on a bistable buckling mechanism and synergistically incorporates a pseudo-compliant 
origami mechanism into the system level model of an origami-enabled crawling robot. A compliant bistable truss 
mechanism is proposed as a linear actuation mechanism to control the spacing between wingtips on small aerial 
vehicles. Prototypes of the truss mechanism are fabricated using a Stratasys Objet 3D printer, and the force-
displacement profile of the mechanisms are measured using a universal testing machine. The force-displacement 
responses of the mechanisms demonstrate that increasing the compliance of the bistable beam element that buckles as 
the truss mechanism is compressed increases the bistability of the mechanism and decreases the force required to 
actuate the mechanism. In addition, adjusting the compliance of the boundary conditions of the bistable element allows 
for even finer tuning of the mechanism actuation force and bistability. A rudimentary finite element model is 
developed for the bistable element to show the feasibility of modeling the nonlinearities from the high compliance 
materials and large deformations experienced by the truss mechanism. The second contribution of this work is the 
incorporation of a bistable origami actuation mechanism into a system model of a crawling robot. A dynamic 
locomotion model for an origami-enabled robot is developed from an energy analysis of the mechanical robot 
components. The results of the dynamic model are compared to a kinematic model of the robot and the experimentally 
measured locomotion of the robot. The dynamic and kinematic models perform similarly for small robot advances 
(less than 25% of an expansion cycle), but the dynamic model demonstrates superior tracking of the robot locomotion 
for larger advances as the system losses increase. The measured maximum error between the experimental results and 
the dynamic model is 15% compared to the 40% error measured for the kinematic model. Finally, a demonstration is 
given for how the dynamic model can be used to select the robot design parameters and provide the foundation of a 
much-needed framework for the design of origami-enabled robots. This work investigates some of the challenges 
introduced by compliant bistable actuation mechanisms, including the effects of compliance on the bistability and 
actuation force of the traditionally well understood buckling beam as well as the integration of compliant actuation 
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𝛽 Rotation of the single cell model at the origami relief cuts 
𝐸𝑖𝑛 Energy required to transition from one stable equilibrium to another 
𝐸𝑜𝑢𝑡  Energy required to transition back to an initial stable equilibrium 
𝐸𝑜𝑢𝑡/𝐸𝑖𝑛 Measure of the bistability of a structure 
𝐹𝑐𝑒𝑙𝑙  Force applied by a single origami Kresling cell 
𝐹𝑡𝑜𝑤𝑒𝑟  Force applied by an origami tower constructed from Kresling cells 
𝑘𝑏𝑒𝑙𝑙𝑜𝑤𝑠 Stiffness of the crawling robot bellows structure 
𝐿 Length of the bistable element of a truss actuation mechanism 
𝑙𝑝𝑙𝑎𝑡𝑒  Distance between the origami towers of the crawling robot at the end plates 
𝑚 Mass of the crawling robot front plate 
∅ Rotational input to an origami structure 
∅𝐿 Rotational input to the left origami tower of the crawling robot 
∅𝑅 Rotational input to the right origami tower of the crawling robot 
𝑟 Length of a link formed by two adjacent origami Kresling cells 
Shore40 Stratasys Objet material, high compliance mixture of VeroWhite Plus and TangoBlack Plus 
Shore60 Stratasys Objet material, intermediate compliance mixture of VeroWhite Plus and TangoBlack Plus 
Shore85 Stratasys Objet material, low compliance mixture of VeroWhite Plus and TangoBlack Plus 
𝑡 Thickness of the bistable element of a truss actuation mechanism 
𝜃 Orientation of the bistable element of a truss actuation mechanism 
𝜇 Friction coefficient of the crawling robot feet 
𝑋 Global lateral locomotion of the crawling robot 
𝑋𝑓 Location of the crawling robot front plate centroid in the 𝑋 direction 
𝑦 Forward locomotion of the crawling robot for the single cell model 
𝑦0 Initial offset of the crawling robot bellows structure 
𝑌 Global forward locomotion of the crawling robot 







Bistable structures are desirable for use as binary actuation mechanisms because they allow for the efficient use of 
actuators by reducing the power required to change and maintain equilibrium positions. Bistable structures are most 
often constructed from a buckling beam element or a series of beams or panels constrained to produce a structure with 
two stable equilibrium configurations. Bistable actuation mechanisms have been proposed for many applications 
including artificial muscles [1], morphing wings [2] - [4], locomotion of compliant robotics [5] - [8], and 
electromechanical switches and valves [9] - [10], to name a few. The bistable buckling beam element has been studied 
extensively and is well known in mechanics for linear elastic materials. However, there has been an increased interest 
in compliant bistable structures, especially for use in the fields of soft robotics and human-robot interaction [11] - 
[13]. These compliant structures are typically constructed from nonlinear hyperelastic materials or from complex 
geometries, as in the case of bistable origami structures. Introducing compliance to bistable actuation mechanisms 
significantly increases the complexity of both modeling the actuation mechanism and synergistically incorporating 
the mechanism into a system design. This work investigates the effect of compliance on a bistable buckling beam 
mechanism (Chapter 2) and synergistically incorporates a pseudo-compliant origami actuation mechanism into the 
system level model of an origami-enabled crawling robot (Chapter 3). 
 
1.2 Introduction to Bistable Structures 
A structure that can freely maintain two stable configurations is considered bistable. Figure 1 is a representative force-
displacement curve and corresponding energy-displacement profile for a bistable structure. The displacement 
locations where the force is zero and the energy is at a local minimum correspond to the stable equilibrium positions 
of the structure. The central location on the curve where the force is equal to zero is an unstable equilibrium passed 
through during the transition of the structure between stable positions. 
 
 
Figure 1. Representative bistable force-displacement curve and corresponding energy-displacement profile. The locations where 
the force is zero and the energy is a local minimum represent the stable equilibrium positions of the mechanism. The difference 
between the input and output energy values is the strain energy stored in the mechanism, and the output energy is proportional to 
the bistability of the mechanism. 
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The area under the positive region of the force-displacement curve represents the input energy required to transition 
the structure from the first stable equilibrium position to the second. The energy under the negative region of the force-
displacement curve (the output energy) is the energy required to return the structure to the initial stable position. The 
output energy is a metric used to quantify the bistability of the structure. As the output energy increases, the level of 
bistability in the structure also increases. The difference between the input and output energy values is the amount of 
strain energy stored in the structure. Bistable structures are desirable for applications that require a structure to remain 
in two different configurations for extended periods of time, such as switches and valves. Bistable structures can also 
be stacked to form a multistable structure with many stable equilibrium positions, which is useful for applications 
including deployable devices and soft robotics locomotion. 
 
1.3 Research Goals and Objectives 
The first objective of this work is to investigate the effects of compliance on the bistability and actuation force of a 
truss mechanism constructed from compliant bistable beam elements (Chapter 2). The truss mechanism is proposed 
as a compliant linear actuation mechanism for controlling the spacing between deployable wingtips used to enhance 
the aerodynamic performance of small aircraft. The compliance of the truss mechanism beam elements and boundary 
conditions is varied and the resulting changes in the actuation force and bistability of the mechanism is measured 
experimentally using a universal testing machine. A rudimentary finite element model is developed to investigate the 
potential of numerically modeling the hyperelastic compliant materials used to fabricate the truss mechanisms. 
 
The second objective of this work is to synergistically incorporate a pseudo-compliant origami actuation mechanism 
into the system level model of an origami-enabled crawling robot (Chapter 3). A directional (2D) model for the 
locomotion of the crawling robot is developed from an energy analysis of the robot components, including the origami 
actuation mechanisms. This dynamic model is verified using experimental measurements from the crawling robot and 
validated against a kinematic (geometric) model of the robot. Finally, a demonstration is given for how the dynamic 
model can be used to efficiently tune the robot design parameters and create a modeling framework for the design of 
origami-enabled robotic systems. 
 
1.4 Original Research Contributions 
This work considers bistable buckling beam elements and pseudo-compliant origami structures for use as linear 
actuation mechanisms. While the bistable buckling beam element has been studied extensively and is well known in 
mechanics for linear elastic materials, this work investigates the compliant hyperelastic buckling element and the 
effects of compliance on the bistability and actuation force of the element. This work also applies established dynamic 
modeling principles to the locomotion of an origami-enabled crawling robot. While the dynamic modeling of robotic 
systems is common, this work applies these modeling techniques to a pseudo-compliant robotic system, producing a 




2 Compliant Bistable Truss Mechanisms for Deploying Wingtip Devices 
This chapter investigates the use of a compliant bistable actuation mechanism to control the spacing between wingtips 
proposed for small aerial vehicles. Both the feasibility of employing bistable truss mechanisms for wingtip actuation 
as well as the tunability of the mechanism actuation force and bistability using compliance are investigated. Section 
2.1 details the proposed application of wingtips on small aerial vehicles. Section 2.2 presents a review of bistable truss 
arrays, and Section 2.3 details the geometry and fabrication of the truss mechanisms as well as the development of a 
finite element model (FEM) for the hyperelastic compliant mechanisms. Also included in Section 2.3 is the 
experimental test matrix and setup used to investigate the effect of the compliance of the bistable truss mechanism on 
the energy storage and actuation force of the mechanism. Section 2.4 presents the results from experiments and the 
finite element model, and Section 2.5 concludes the chapter with a discussion of the results. 
 
2.1 Application for Wingtip Deployment 
Multifunctional lifting surfaces can expand the mission capabilities of aerial vehicles with a minimal number of 
components added to the vehicle. Improving aerodynamic performance by changing the shape and orientation of 
wingtips has both mechanical and efficiency advantages over adjusting the entire wing [14]. A morphing multi-wingtip 
system would enable the actuation and adaptability of independent wingtips for flight condition requirements and 
enhanced aircraft performance. 
 
The development of wingtips has stemmed from studies of birds with desirable flight capabilities. However, the design 
and motion control of a multi-wingtip system for aerodynamic enhancement has not been studied extensively [15] - 
[17]. Recent interest in wingtips has stemmed from studies that characterize bird wings during flight and in wind 
tunnel experiments [18] - [20]. Three primary wingtip degrees of freedom inspired by the mobility of birds’ primary 
feathers that adapt to changing flight conditions are identified in Figure 2. 
 
Figure 2. Primary feather degrees of freedom adapted during flight: (a) dihedral angle (b) incidence angle (c) gap spacing. 
 
Whitcomb [21] was one of the first to conduct wingtip experiments by comparing the performance of a wing with a 
winglet to a wing with a planar wing extension. Whitcomb’s results show that the winglet doubles the lift-to-drag ratio 
(L/D) of the wing and reduces induced drag by up to 20%. This reported reduction in induced drag can increase the 
(a) (b) (c) 
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cruising range of an aircraft by as much as 7%. Tucker [22] has conducted wind tunnel experiments on Harris Hawk 
wings to determine the effect of segmented wingtips by comparing hawk wings with tip feathers to hawk wings with 
clipped tip feathers. The results show that the tip feathers induce only 70-90% of the drag induced by clipping the tip 
feathers, meaning that wingtips favorably reduce induced drag. Hoey [23] has investigated the impact of wingtip 
feathers on static stability during soaring for large birds such as ravens and seagulls. This study concludes that soaring 
stability is sensitive to the dihedral angle of the wingtip feathers. These studies have provided evidence that wingtip 
feathers improve the aerodynamic efficiency of bird wings, and therefore, promote the development of an adaptive 
multi-wingtip design for aircraft. 
 
Lynch et. al. [16] has studied the effects of varying the gap spacing between wingtips for a three-wingtip system. 
Lynch’s experiment shows that a wingtip gap spacing of 20% of the base wing chord shows a 5.6% improvement in 
the maximum coefficient of lift compared to wingtips with zero spacing. Multiple additional studies have concluded 
from experiments conducted on wingtips that the incidence and dihedral angle of the wingtips can improve lift by up 
to 25% [16] - [17], [24]. These observations suggest that a multi-wingtip device capable of varying dihedral, incidence, 
and gap spacing will exhibit improved aerodynamic performance under changing flight conditions. 
 
Figure 3 presents a novel adaptable multi-wingtip system concept, where the wingtip gap spacing is controlled actively 
using bistable mechanisms, and the dihedral and incidence angles of each wingtip are controlled passively through 
composite bend-twist coupling [2]. Controlling the gap spacing with bistable mechanisms allows for the efficient use 
of smart actuators by reducing the power required to change and maintain the spacing between the wingtips. 
 
 
Figure 3. Conceptual design of an adaptive multi-wingtip system that utilizes bend-twist coupled composite wingtips to passively 
control the wingtip incidence and dihedral angles and a bistable actuation mechanism to actively control the wingtip gap spacing. 
 
2.2 Background Review of Bistable Truss Arrays that Utilize Buckling Beam Elements 
A number of bistable truss arrays have been proposed as linear actuation mechanisms for various deployment 
applications [4], [25] - [27]. Figure 4 shows two examples of such structural arrays. Structure (a) is proposed by 
Pontecorvo et. al. [4] as a method of deploying a wing slat, and structure (b) is proposed by Shan et. al. [25] as a 
scalable bistable mechanism that can be geometrically tuned to achieve desired input and output energy values. Both 
structures utilize bistable beam buckling, and a single repeating beam element of each structure is circled. The study 
Base Wing 
Bistable Mechanism 
Laminated Composite Wingtips 
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conducted by Shan et. al. [25] has determined that the geometry of the repeating bistable element affects the bistability 
and energy storage capabilities of the structure.  
 
This work investigates the same beam element considered by Shan et. al. [25] but explores the effects of changing the 
compliance of the bistable element and its boundary conditions on the bistability and energy storage of the mechanism 
by varying material composition, rather than geometry. This new approach increases the mechanism design space and 
allows for bistable designs that may not be possible by varying only geometry.  
 
 
Figure 4. Bistable structures used as linear actuation mechanisms shown in both stable configurations (expanded and collapsed). 
(a) Structural array designed by Pontecorvo et. al. [4] as a method of deploying a wing slat. (b) Geometrically tunable mechanism 
designed by Shan et. al. [25] to achieve target input and output energy values. 
 
2.3 Experimental Methods 
To investigate the effects of compliance on the bistability and energy storage capabilities of the bistable truss 
mechanism, a universal testing machine was used to experimentally characterize 3D printed truss mechanisms. A 
number of truss mechanisms were 3D printed with varying compliance for both the bistable element and its boundary 
conditions, and the force profile to collapse each truss mechanism was measured. In addition, a preliminary finite 
element model was developed in Abaqus to model the force profile to collapse the compliant truss mechanisms. 
 
2.3.1 Bistable Truss Mechanism Geometry and Fabrication 
The bistable truss mechanisms were fabricated using the beam element parameters shown in Figure 5a. The beam 
geometry was chosen to match the values tested in Shan et. al. [25] to provide a baseline comparison, with a length 
(L) of 11.2mm, a thickness to length ratio (t/L) of 0.12, and a beam angle (θ) of 40°. This beam geometry was found 
to be bistable by Shan et. al. [25] for a uniform beam material. In this experiment, the geometry of the beams was kept 





of the beam, the material composition of the joints on either end of the beam (Joint 1 and Joint 2) were varied to 
determine the effects of compliant boundary conditions on the bistability of the truss mechanism (Figure 5b). The 
complete geometry of the printed truss mechanisms is provided in Appendix A. 
 
 
Figure 5. (a) Schematic of a single truss mechanism including two bistable beam elements. The geometric parameters of a single 
beam are shown, where L represents the beam length, θ the beam orientation, and t/L the relative beam thickness (b) Model of a 
fabricated truss mechanism showing the joint and beam geometries. 
 
The truss mechanisms were 3D printed from the Stratasys Objet materials Shore40, Shore60, and Shore85, obtained 
by mixing various percentages of VeroWhite Plus and TangoBlack Plus, with a higher numerical identifier 
representing a less compliant material (i.e. Shore40 is more compliant than Shore60). Each truss mechanism contained 
two bistable beam elements supported by rigid VeroWhite Plus support plates to ensure that all deformation and 
energy storage occurred in the bistable elements. The holes in the mechanisms were used to pin the upper and lower 
support plates to the two jaws of a universal testing machine to record the force-displacement profile to collapse each 
truss mechanism. 
 
2.3.2 Test Matrix and Experimental Setup 
Table 1 presents the experimental test matrix of the joint and beam material composition of each truss mechanism. 
The underlined combinations represent truss mechanisms with a uniform geometry for the beam element and its joints, 
used to investigate the effect of changing the compliance of the entire bistable element.  
 
Table 1. Test matrix of the beam material and corresponding joint materials for each truss mechanism, where a higher numerical 
identifier represents a less compliant material. (i.e. the truss mechanism represented by the top left cell has beam material 
Shore60 and joint materials Shore40 and Shore 85, respectively). The underlined combinations represent mechanisms with a 
uniform beam and joint material. 




Shore60 Shore60 Shore60 Shore60 
 Shore40 Shore40, Shore60 Shore60 Shore60  
  Shore40 Shore60 Shore85  
   Joint 1 Material   












All other combinations represent mechanisms in which the compliance of one or both of the beam joints is varied 
from that of the beam element. These mechanisms were used to investigate the effects of changing the effective 
boundary conditions of the bistable beam element, where increasing the joint compliance approaches a pinned-pinned 
case and decreasing the joint compliance approaches a fixed-fixed case. 
 
The measured force-displacement response of the bistable truss mechanisms was used to determine how the material 
properties of the bistable beam element affect the bistability and actuation force of the mechanism. A universal force 
testing machine was used to record the force-displacement behavior of all truss material combinations in compression. 
The top and bottom support plates of each mechanism were pinned to the jaws of the force machine to ensure the 
ability to record negative force values as snap through occurred between the two stable equilibrium positions of the 




Figure 6. Progression of a bistable truss mechanism being compressed by a universal testing machine. The rigid top and bottom 
support plates of the truss were pinned to the jaws of the testing machine to ensure the ability to record negative force values and 
localize all deformation and energy storage in the bistable elements. 
 
2.3.3 Finite Element Model Setup in Abaqus 
The software package Abaqus was used to simulate the force-displacement response of the truss mechanisms. To save 
on computational expense, the symmetry of the bistable truss mechanism was exploited, and the finite element model 
was created for only one bistable element of the truss mechanism identified in Figure 5a and modeled in Figure 7. The 
finite element model was created for a 2D planar projection of the bistable element, and all materials were assumed 
to be isotropic. The geometry of the bistable element was defined to match that of the 3D printed truss mechanisms 
given in Section 2.3.1, with a total element length (L) of 11.2 mm. The bistable element was broken down into a 
central beam of length 0.75L and two symmetric joints on either end, labeled Joint 1 and Joint 2 in Figure 7, which 
corresponds to the geometry of the 3D printed truss mechanisms shown in Figure 5b.  
 
A hyperelastic Neo-Hookean material model was used to predict the behavior of the beam element and joints due to 
the high compliance of the 3D printed materials and the large deformations required for bistability. Figure 8 shows 
the typical nonlinear stress-strain response of a hyperelastic Neo-Hookean material. Hyperelastic materials are 
characterized by a bulk (compressibility) modulus and a shear modulus. Table 2 contains the material property values 




Figure 7. Bistable beam element modeled in Abaqus. The left end of the beam is constrained against translation and rotation in all 
directions, and the right end is constrained against translation in the x direction with an applied displacement in the negative y 
direction. The reaction force at the right end of the beam is considered the force required to produce the prescribed displacement.  
 
Due to the lack of material property data on the Stratasys 3D printer materials Shore40, Shore60, and Shore85, these 
values were arbitrarily chosen in the range of high to low compliance rubber materials. For this reason, the finite 
element model force-displacement results can only be qualitatively compared to the experimental universal testing 
machine results until the bulk and shear moduli of the Stratasys Objet materials are characterized and substituted into 
the finite element model. 
 
 
Figure 8. Stress-strain response for a linear elastic material compared with that of a typical Neo-Hookean hyperelastic material. 
 
Due to the large deflections and hyperelastic nature of the beam and joint materials, 6-node quadratic plane strain 
elements with hourglass control were used to model the beam deflection as shown in Figure 9a. The 6-node quadratic 
elements allowed for much better deformation tracking than the typical 4-node element as shown in Figure 9b. The 
bistable beam element was meshed with a global element size of 0.01 mm. 
 
Table 2. Material properties for the three hyperelastic materials used for the beam and joints of the truss mechanism FEM. 
Material Region Bulk Modulus (GPa) Shear Modulus (GPa) 
Joint 1 0.2 2.0 
Beam element 0.4 3.0 
Joint 2 0.6 4.0 
Joint 1 







Figure 9. (a) Depiction of an Abaqus 6-node quadratic plane strain element with hourglass control (b) Comparison showing the 
superior element deformation tracking capabilities of the 6-node quadratic element over the 4-node linear element. 
 
The boundary conditions and loads applied to the bistable element are defined in Figure 7. The bottom end of the 
element was fixed against translation and rotation in all directions to simulate the cantilever style boundary conditions 
produced by integrating the element into the truss mechanism. The opposite end of the beam was fixed against rotation 
in all directions and horizontal translation, and a vertical translation of -6 mm was prescribed as the input load. This 
prescribed deflection is equivalent to the maximum deflection of the 3D printed truss mechanisms. The bistable 
element was assumed to be symmetric, such that reversing the boundary conditions was expected to produce the same 
force-displacement behavior. The vertical reaction force on the end of the beam allowed to translate was measured 
during the simulated displacement and considered to be the input force required to achieve the applied displacement. 
 
2.4 Results 
The force-displacement profile for each mechanism is experimentally measured using a universal force testing 
machine and modeled using a finite element model. However, the data cannot currently be directly compared because 
the material properties of the Stratasys 3D printer materials Shore40, Shore60 and Shore85 are unknown. Therefore, 
only a qualitative comparison is made between the FEM results and the experimental results pending the 
characterization of the Objet printer materials. However, the experimental results are used to explore the effect of the 
bistable element compliance on the actuation force and bistability of the truss mechanism. 
 
2.4.1 Experimental Results 
The force-displacement response of each truss mechanism is measured to observe how the compliance of the bistable 
element affects the actuation force and bistability of the mechanism. Figure 10a is the force-displacement behavior of 
the truss mechanisms whose bistable elements are printed from a single uniform material.  
 
As the compliance of the bistable element is decreased (from Shore40 to Shore85), the force required to transition the 
truss mechanism between the first and second stable equilibrium positions increases along with the strain energy in 
the mechanism. However, the force required to return to the initial equilibrium position decreases, making the 
mechanism less bistable. For the truss with bistable element material Shore85, the applied force is always greater than 







geometry, varying the compliance of the bistable element expands the design space of the mechanism actuation force 
and bistability. To further expand the mechanism design space, the bistable element is divided into the central bistable 
beam component and boundary conditions shown in Figure 5b. The beam element material is held constant at the 
intermediately compliant material (Shore60), and the compliance of the joints on either end of the beam are varied 
according to the test matrix in Table 1. The resulting force-displacement responses are presented in Figure 10b. 
 
 
Figure 10. (a) Force-displacement characterization of truss mechanisms with bistable elements printed from a single uniform 
material, where a more compliant bistable element results in a decreased actuation force and increased return force. (b) Force-
displacement characterization of truss mechanisms with bistable beam material Shore60 and variable joint compliance on either 
end of the beam, ranging from Shore40 (most compliant) to Shore85 (least compliant). 
 
Figure 10b shows that, for a fixed beam compliance, more compliant boundary conditions results in a lower actuation 
force and higher force required to return to the initial configuration. Alternatively, less compliant boundary conditions 
result in higher actuation forces and a truss combination that does not exhibit bistability (the case where both joints 
are less compliant than the beam element). To obtain a better understanding of the bistability of the mechanisms, the 














and presented in Figure 11a and Figure 11b respectively. As mentioned previously, the output energy required to 
return the truss mechanism to the original configuration is proportional to the bistability of the mechanism. Figure 11c 
presents the output energy of each truss mechanism normalized with respect to the required input energy to compress 
the mechanism, which is a metric of the bistability of the mechanism. As the compliance of the joints increases, the 
input energy required to transition the mechanism between stable equilibrium positions decreases, and the bistability 
of the mechanism increases. Furthermore, the truss mechanism with both joints less compliant than the beam element 
does not exhibit any bistability (i.e. force always greater than zero). 
 
 
Figure 11. (a) Input energy required to compress the truss mechanisms between stable equilibrium positions for beam material 
Shore60 and variable joint compliance ranging from Shore40 to Shore85. (b) Output energy required to return the truss 
mechanisms to the initial stable equilibrium, which is proportional to the bistability of the mechanism. (c) Bistability metric 
expressed as the output energy normalized with respect to the input energy. 
 
2.4.2 Finite Element Model Results 
A single finite element simulation is run to verify the ability to model a bistable beam element with large deformations 
and high material compliance. The test simulation is run for the beam and joint materials given in Table 2, the boundary 
conditions defined in Figure 7, and an input vertical deflection of -6 mm. The deflection and corresponding reaction 
force from the simulation are presented in Figure 12. The low resolution of the force-displacement curve is a result of 
efforts to reduce the large computation time produced by the high mesh resolution required to track the large 
deformations. Despite the resolution, the finite element model results confirm the element is bistable, having the same 
general force-displacement profile presented in Figure 1. While the finite element model magnitudes cannot be directly 
compared to the experimental truss mechanism measurements pending the characterization of the Stratasys 3D printer 
materials, the distribution between the input and output energy is similar for the finite element model and experimental 
results, with the finite element model producing a bistability of 17.2%. This is within the range of experimental 
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Figure 12. Finite element force-displacement profile for the beam and joint materials given in Table 2, the boundary conditions 
defined in Figure 7, and an input vertical deflection of -6 mm. The bistability of the modeled beam element, defined as the ratio 
between the output and input energy of the mechanism (𝐸𝑜𝑢𝑡/𝐸𝑖𝑛), is 17.2%. 
 
2.5 Discussion of the Compliance of Bistable Actuation Mechanisms 
For a given truss mechanism geometry, varying the compliance of the bistable element varies the actuation force and 
bistability of the mechanism, as shown in Figure 10a. Increasing the compliance of the bistable element increases the 
bistability and decreases the actuation force of the mechanism. In addition, Figure 10b and Figure 11 show that 
adjusting the compliance of the boundary conditions of the bistable element allow for even finer tuning of the 
mechanism actuation force and bistability. To show the feasibility of modeling a system with such high material 
compliance and large deflections, a representative force-displacement curve is presented using a finite element model. 
The finite element results are unable to be directly compared with the experimental results due to the unknown material 
properties of the Stratasys 3D printer materials. Despite the low resolution of the force-displacement profile produced 
by the finite element model, the 17.2% bistability produced by the finite element model falls within the range of 
bistability obtained from the experimental results. This suggests that the profile of the force-displacement finite 
element model, more specifically the distribution between the input and output energy values, agrees with the 
experimentally measured data. 
 
To use a bistable truss mechanism as a means of actuating wingtip gap spacing, the truss mechanism needs to be tuned 
and scaled for the desired actuation force and gap spacing. The truss geometry for the mechanisms fabricated in this 
study is chosen to replicate the geometry data from Shan et. al. [25] to give a baseline comparison. However, the 
length of the bistable element (L), identified in Figure 5a, can be scaled to achieve the desired actuation stroke while 
maintaining the bistability of the structure by keeping the same beam angle (θ) and thickness to length ratio (t/L). In 
addition, the results have shown that the force required to actuate the truss mechanism (increase and decrease the 
wingtip spacing) can be tuned through the material composition of the beam and joints that make up the bistable 
element of the truss mechanism. Future work towards evaluating the accuracy of the finite element model includes 
characterizing the material properties of the Stratasys 3D printer materials and comparing the finite element model 
force-displacement profile with the experimental profiles obtained from the fabricated truss mechanisms. 
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3 Integration of Bistable Origami Structures into the System Model of a Crawling Robot 
This chapter addresses the challenges of modeling systems enabled by compliant bistable actuation mechanisms. The 
actuation mechanism considered in this chapter is the multistable origami Kresling tower, and a model is developed 
for the case study of a crawling robot enabled by Kresling towers. Section 3.1 is an overview of bistable origami 
structures and origami-enabled robots. Section 3.2 is an overview of the origami-enabled robotic platform and a 
breakdown of the robot’s primary locomotion components. Section 3.3 presents the model formulation, and Section 
3.4 is the validation and verification of the model against a kinematic model and experiment. Lastly, Section 3.5 is a 
demonstration of how the model can be used for the model-based design and parametric tuning of systems enabled by 
compliant bistable actuation mechanisms. 
 
3.1 Background Review of Origami Structures and Origami-Enabled Robots 
Origami structures are becoming increasingly more prevalent for use as compliant actuation mechanisms, particularly 
in the field of soft robotics. Interest in employing origami and kirigami as components in robotic systems stems from 
their elegant manufacturability and pseudo-compliant behavior [28]. Many techniques have been developed for 
modeling the kinematics of origami structures, including the Miura-Ori pattern [30] - [33], the Kresling pattern [5], 
[34] - [35], and the waterbomb unit [8]. In addition to the kinematics of origami structures, there has been significant 
focus directed towards the actuation of origami structures using pneumatic actuation [8], [36] and smart actuators such 
as shape memory alloys [29], [37] - [38]. These actuation methods have been studied for both the locomotion and self-
folding of origami-enabled robots [39] - [41]. However, after an extensive review of origami-enabled robots, Rus and 
Tolley have determined there is a need for realistic physical models that can better inform the control algorithms of 
origami-enabled robots for task execution [28]. Zhenishbek and Paik, who have developed a systematic design 
methodology for building origami-inspired robots, similarly concluded there is a lack of standard models for origami-
enabled robots that can be synergistically integrated into a design tool for origami robotic systems [29]. 
 
While much effort has been extended towards developing geometric and mechanical models for individual origami 
structures, very little work has been done to quantitatively establish models for origami-enabled robots that 
synergistically integrate the origami structures into a system level model [29]. This chapter establishes a model for 
the locomotion of a crawling robot enabled by multistable origami structures through an investigation of the system 
level dynamics of the robot. The crawling robot considered in this work [5] is a case study for a modeling framework 
that can be generalized to other origami-enabled robots. The chapter concludes with a demonstration of how the model 
can be used to efficiently tune the robot design parameters and replace the ad hoc methods currently used to design 
complex origami-enabled robotic systems.  
 
3.2 Overview and Characterization of Robotic Platform PERI 
The dynamic model developed in this work is tailored for the origami-enabled crawling robot, PERI [5]. PERI is a 
bio-inspired pseudo-compliant robot that mimics the anterograde locomotion of the caterpillar. The primary 
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mechanical locomotion components of PERI are identified in Figure 13. Two rigid end plates are linked by origami 
towers actuated independently using servo motors. By nature of the Kresling origami pattern [5], the towers expand 
and contract as a rotation is applied to one end of the towers, with the other end fixed. Two parallel origami towers 
allow for directional locomotion (i.e. left and right turning). A transparent PTE bellows structure supplies torsional 
rigidity between the front and back plates and provides protection for the origami towers. Anisotropic feet allow the 
robot to expand and contract with no backwards slipping [42]. 
 
While the design of PERI has been detailed in [5] and [42], the primary components of the robot have not been 
characterized individually. Thus, three experiments have been conducted to characterize the origami towers, bellows 
structure, and anisotropic feet of the crawling robot. 
 
Figure 13. Rendering of the origami-enabled crawling robot, PERI. The primary mechanical locomotion components of PERI 
include two rigid plates connected by two origami towers actuated independently using servo motors. Anisotropic feet allow the 
robot to move forward without slipping as the origami towers expand and contract. 
 
3.2.1 Origami Towers 
The origami towers that enable the crawling locomotion of PERI are constructed from six repeating unit cells of the 
Kresling origami pattern [5]. Each Kresling cell exhibits the force-displacement behavior presented in Figure 14(b), 
which was obtained using a universal testing machine. A fixture that allows one end of the cell to rotate during 
expansion was used to mount the cell to the universal testing machine as shown in Figure 14(a). The cell was pulled 
with a constant velocity of 1 mm/s and the corresponding reaction force was measured (Supp. M1). The energy profile 
of the cell presented in Figure 14(b) was obtained by numerically integrating the force-displacement data measured 
by the universal testing machine. The energy profile shows the bistability of the Kresling cell, with two stable 
equilibrium positions at (1) and (2). The unstable equilibrium where the energy is a maximum (3) represents the cell 












Figure 14. (a) Characterization of a Kresling cell using a universal testing machine, with a fixture that allows for rotation of one 
end of the cell. A constant displacement was applied to expand the cell, and the reaction force was recorded. (b) Measured force-
displacement profile that demonstrates the bistability of the cell. The energy profile, a numerical integral of the force data, shows 
the two stable equilibrium positions of the cell (1) and (2) and the unstable equilibrium (3), where snap through occurs (4). 
 
3.2.2 Bellows Structure 
The primary functions of the bellows structure are to provide torsional rigidity to the crawling robot and protect the 
origami towers. The force-displacement behavior of the bellows structure was determined experimentally by applying 
weights to the bellows and measuring the resulting compression, as shown in Figure 15(a).  
 
 
Figure 15. (a) Bellows structure characterization setup. Discrete weights were applied to compress the bellows (free length of 
130mm) and the resulting displacements were measured using the scale shown. (b) The bellows stiffness of 10.5 N/m was 
calculated from a linear fit of the experimentally determined operating range. Loads and displacements were defined positive 












The free length of the bellows is greater than the maximum distance between the front and back plates of the robot 
during expansion. This indicates the bellows always operates under compression and assists the forward locomotion 
of the robot. While the bellows reponse was nonlinear, as shown in Figure 15(b), the displacement range represented 
by the operating range of the crawling robot was reasonably approximated as linear. The average bellows stiffness 
from the linear operating range of the structure was measured across three trials to be 10.5 N/m. 
 
3.2.3 Anisotropic Feet 
The expanding and contracting locomotion of PERI is enabled by anisotropic feet allowed to pivot about a central 
axle as shown in Figure 16. As the robot expands, the hind feet rotate to a high friction surface to prevent the robot 
from slipping backwards, while the front feet rotate to a low friction surface to allow expansion. Similarly, as the robot 
contracts, the front feet rotate to the high friction surface and the hind feet rotate to the low friction surface, allowing 
the back plate to contract to the front plate with no slipping.  
 
Figure 16. Anisotropic feet allow sliding for forward robot locomotion but prevent backwards slipping. The low friction material 
has experimentally measured coefficient of friction 𝜇 = 0.51. Perfect stiction (no slipping) is assumed for the high friction 
material. 
 
The feet are 3D printed using a Stratasys Objet printer from print materials VeroWhite Plus (low friction) and 
TangoBlack Plus (high friction). Perfect stiction is assumed for the high friction material to prevent backwards 
slipping. The coefficient of friction for the low friction material was measured by placing a known weight on a sample 
of the low friction material (VeroWhite Plus) and applying a lateral force in the forward locomotion direction. The 
applied force required to overcome static friction and the normal force were used to determine the coefficient of 
friction using a Coulomb model. The measured coefficient of friction for VeroWhite Plus was 0.51. 
 
3.3 Dynamic Model Formulation 
The dynamic model of PERI is developed from an energy analysis of the mechanical components of the robot 
characterized in Section 3.2. Figure 17(a) is an idealized model of the crawling robot during expansion, where the 
back plate is fixed, and the system forces are applied to the robot front plate of mass 𝑚. The bellows structure is 
modeled as a linear compression spring with stiffness, 𝑘𝑏𝑒𝑙𝑙𝑜𝑤𝑠 , and 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the external force applied to the front 
plate by the low friction material of the robot feet. Each origami tower is represented by the position dependent force,  
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Figure 17. (a) Idealized model of the robot PERI for expansion, where the back plate is fixed, and all loads are applied to the 
robot front plate. The bellows is modeled as a linear spring, friction as a negative external force, and each origami tower as a 
positive position-dependent external force. (b) Idealized schematic of the single-cell model acting on half of the front plate mass, 
where 𝒚 is the front plate locomotion for the expansion of a single origami cell. 
 
3.3.1 Single Cell Model 
Due to the metameric nature of the origami towers, a model is initially developed for the dynamic response of a single 
origami cell.  Figure 17(b) is the idealized schematic for a single origami cell. Each cell belongs to one origami tower, 
and each tower is idealized to apply a force to half of the front plate. Thus, for the single cell model, each Kresling 
cell is assumed to apply a force directly to one half of the front plate that is transmitted through all other Kresling cell 
units. Similarly, only half of the friction force and half of the bellows stiffness are considered. In Figure 17(b), 𝑦 is 
the longitudinal position along the direction of forward locomotion for a single origami cell of the robot and 𝑥 is the 
transverse position for a single origami cell. 
 
The equation of motion for the origami-enabled crawling robot is obtained from an energy analysis of the primary 
locomotion components using Hamilton’s Equation 
 





where 𝑇 and 𝑉 are the kinetic and potential energy of the system, respectively, and 𝑊𝑛𝑐 is the work from all 
nonconservative forces acting on the system. The origami is modeled as a position-dependent force applied to the 
robot front plate, and expressed by 
 
 𝑊𝑐𝑒𝑙𝑙 = 𝐹𝑐𝑒𝑙𝑙(𝑦) ∗ 𝑦 (2) 
 
where 𝑦 is the 1D locomotion of the robot for a single origami cell. 𝐹𝑐𝑒𝑙𝑙(𝑦) is the force-displacement profile obtained 
for the Kresling cell presented in Figure 14(b). The friction force applied to the robot front plate is modeled using a 






























where, 𝑔 is the acceleration due to gravity, and 𝜇 is the coefficient of friction for the low friction material of the 








where 𝑦0 is the initial bellows offset, which was determined experimentally for PERI. Substituting the energy 
expressions for the primary locomotion components given by Equations (2) - (4) into Hamilton’s equation yields the 
















] (𝐹𝑐𝑒𝑙𝑙(𝑦) − 𝜇𝑚𝑔 + 𝑘𝑏𝑒𝑙𝑙𝑜𝑤𝑠𝑦0). (5) 
 
The equation of motion (EOM) for the single cell model is solved using the MATLAB solver ODE45. The solution is 
converted from a function of time to a function of the servo input rotation, ∅, using the angular velocity of the servo 
motors. 
 
Figure 18 presents the 1D locomotion of the crawling robot as a function of the rotation ∅ input to a single origami 
cell. The equation of motion given by Equation (5) is solved for various combinations of the robot components to 
show the effect of each component on the robot locomotion. The solution is first presented for only the force of the 
origami cell applied to the robot front plate (i.e. 𝜇 = 𝑘𝑏𝑒𝑙𝑙𝑜𝑤𝑠 = 0). The solution is then presented for only the origami 
force and the bellows (i.e. 𝜇 = 0) and then for only the origami and friction forces (i.e. 𝑘𝑏𝑒𝑙𝑙𝑜𝑤𝑠 = 0). The solution 
for all components (Origami + Friction + Bellows) is used to construct the full robot model in Section 3.3.2. 
 
 
Figure 18. Forward locomotion of the robot front plate as a function of the input rotation, ∅, supplied to a single origami cell. The 
legend indicates each component included in the dynamic model for the corresponding solution (i.e. for the Origami + Bellows 




As mentioned previously and presented in Figure 15, the bellows operates under compression for the full operating 
range of the robot, meaning that the bellows structure assists the forward locomotion of the robot. For the specific 
design configuration of PERI, the bellows and friction terms nearly cancel, making the solution for all components 
similar to that of just the origami force acting on the robot front plate. However, this response would not necessarily 
be observed for other parameter values or system design configurations. Preliminary experimental locomotion results 
for the contribution of the various mechanical components of the crawling robot PERI are presented in Appendix B. 
 
3.3.2 Full Robot Model 
The Kresling origami cell expands strictly in 1D for a given input rotation, ∅. To allow for directional (2D) robot 
locomotion, relief cuts [5] are added between every set of adjacent Kresling cells for the construction of the origami 
towers as shown in Figure 19(a). Each relief cut is modeled as a pin joint, and each set of adjacent Kresling cells is 
modeled as a variable length link, 𝑟𝑗, whose length is the summation of the single cell model solution for the two cells 
of the link (i.e. 𝑟1 = 𝑦𝑐𝑒𝑙𝑙1 + 𝑦𝑐𝑒𝑙𝑙2). Each link is defined at an angle 𝛽𝑗 from the positive 𝑌 direction of the robot 
coordinate system, as shown in Figure 19(b).  
 
 
Figure 19. (a) Origami tower constructed from 6 Kresling cell units, with a relief joint between every set of adjacent cells. Each 
relief is modeled as a pin joint, and each set of adjacent cells is modeled as a rigid link of variable length 𝑟𝑗. The ends of the 
tower are constrained to be perpendicular to the front and back plates of the robot. (b) Each link 𝑟𝑗 is at an angle 𝛽𝑗  with respect 
to the robot coordinate system 𝑋, 𝑌. The length of each link, 𝑟𝑗, corresponds to the single cell model solution of the two cells that 
make up the link. 𝑋𝑓 , 𝑌𝑓 is the global locomotion of the robot front plate. 
 
Due to the boundary conditions of the origami towers, the origami cells are assumed to snap from the center of the 
tower, where the cells are the least constrained, outwards, with one cell expanding completely before the next cell 
begins to expand. This snapping order has also been confirmed through repeated experimental observations (Supp. 
M2).  The link lengths, 𝑟𝑗, are known from the input servo rotations, the cell snapping order, and the single cell model 




































 𝑟1𝑠𝑖𝑛𝛽1 + 𝑟2𝑠𝑖𝑛𝛽2 + 𝑟3𝑠𝑖𝑛𝛽3 − 𝑟4𝑠𝑖𝑛𝛽4 − 𝑟5𝑠𝑖𝑛𝛽5 − 𝑟6𝑠𝑖𝑛𝛽6 + 𝑙7𝑠𝑖𝑛𝛽7 + 𝑙8𝑠𝑖𝑛𝛽8 = 0 (6) 
 
 𝑟1𝑐𝑜𝑠𝛽1 + 𝑟2𝑐𝑜𝑠𝛽2 + 𝑟3𝑐𝑜𝑠𝛽3 − 𝑟4𝑐𝑜𝑠𝛽4 − 𝑟5𝑐𝑜𝑠𝛽5 − 𝑟6𝑐𝑜𝑠𝛽6 + 𝑙7𝑐𝑜𝑠𝛽7 + 𝑙8𝑐𝑜𝑠𝛽8 = 0, (7) 
 
subject to the constraints 
 
 𝛽1 = 𝛽4 = 𝛽8 − 𝜋/2 = 0, (8) 
 




 𝛽2 = 𝛽5, (10) 
 
where 𝛽7 and 𝛽8 are the orientations of the front and back plates, respectively, and 𝑙7 = 𝑙8 = 44 𝑚𝑚 is the distance 
between the left and right origami towers at the end plates. Equations (8) and (9) constrain the ends of the origami 
towers to be perpendicular to the end plates and define the robot coordinate system, 𝑋, 𝑌, at the center of the back 
plate as shown in Figure 19(b). Equation (10) is a geometric constraint imposed by the vector loop design. The solution 
of the vector loop analysis yields all 𝛽𝑗 and fully defines the front plate location coordinate (𝑋𝑓 , 𝑌𝑓). The full robot 
model uses the single cell model combined with the vector loop analysis to output the 2D directional locomotion of 
the robot front plate, 𝑋𝑓 , 𝑌𝑓, from the servo rotations input to the left (∅𝐿) and right (∅𝑅) origami towers. 
 
Figure 20 presents the full robot model results for forward (1D) locomotion in the 𝑌 direction, where ∅𝐿 = ∅𝑅 = ∅.  
Because the origami cells are assumed to snap one after another, the locomotion profile of Figure 20 is a sequential 
repetition of the single cell model profile for all components presented in Figure 18. The forward locomotion results 
presented in Figure 20 assume an identical cell snapping order for the left and right origami towers of the robot. 
 
Figure 20. Forward (1D) locomotion in the 𝑌 direction for the full robot model as a function of the servo motor rotation ∅, where 




The results of the full robot model for directional (2D) locomotion are presented in Figure 21. Each path represents 
the locomotion of the robot front plate for one expansion of the robot moving forward or turning left or right. The 
origami cell snapping order is assumed to be from the center of the towers outwards, and the turning profiles are given 
by ∅𝑅 = 2∅𝐿 and ∅𝐿 = 2∅𝑅 for turning left and right, respectively.  
 
 
Figure 21. Directional (2D) full robot model results for forward locomotion and left (∅𝑅 = 2∅𝐿) and right (∅𝐿 = 2∅𝑅) turning. 
 
3.4 Model Validation and Verification 
The dynamic model results presented in Section 3.3 are compared to the results from a kinematic model of the robot 
and validated against experimental data collected from the robotic platform, PERI.  
 
3.4.1 Kinematic Model 
Figure 22 presents the kinematic model results for a single Kresling cell. The kinematic model is produced from a 
geometric analysis of the Kresling cell adapted from Pagano et. al. [5], [6].  
 
 






The kinematic model outputs the height of the Kresling cell for a given input rotation to the cell, ∅, considering only 
the origami geometry. The single cell kinematic results presented in Figure 22 are extended to 1D and 2D locomotion 
for the full robot using the procedure detailed in Section 3.3.2 in the same manner as the dynamic single cell results. 
 
3.4.2 Experimental Setup 
Experimental data was collected from the robotic platform PERI using the setup shown in Figure 23 and the servo 
motor inputs presented in Table 3, where ∅𝐿 and ∅𝑅 are the angular rotations applied by the servo motors to the left 
and right origami towers, respectively. 
 
 
Figure 23. (a) View of robot locomotion from the camera perspective. (b) System level experimental setup, where the robot back 
plate was fixed for all tests, and data was collected in a stop-and-stare manner using the markers on the end plates of the robot. 
 
With the back plate of the robot fixed, the 2D displacement of the front plate was recorded by capturing the position 
of the markers on the end plates of the robot using a top view camera, as shown in Figure 23(a). The camera recorded 
the front plate position in a stop-and-stare manner, with the robot pausing after each servo input pair for data collection. 
The servo input pairs are shown in Table 3 (Supp. M3, M4, M5).  
 
Table 3. Servo motor rotations for forward, left, and right locomotion of the crawling robot. Each row corresponds to one step of 
the robot between pauses for data collection (∅𝐿 and ∅𝑅 are the servo inputs to the left and right origami towers, respectively). 
Step 
# 
Forward Left Right 
∅𝐿 ∅𝑅 ∅𝐿 ∅𝑅 ∅𝐿 ∅𝑅 
0 0° 0° 0° 0° 0° 0° 
1 50° 50° 25° 50° 50° 25° 
2 100° 100° 50° 100° 100° 50° 
3 150° 150° 75° 150° 150° 75° 
4 200° 200° 100° 200° 200° 100° 
Forward Left Right 







3.4.3 Model and Experimental Results Comparison 
The 1D locomotion results for the crawling robot dynamic model, kinematic model, and experiment are presented in 
Figure 24. For small motor input rotations (less than 25% of an expansion cycle), the kinematic model demonstrates 
greater tracking accuracy of the robot locomotion compared to the dynamic model.  
 
Figure 24. 1D locomotion results for the full robot dynamic model compared to experimental data and the kinematic model, 
where ∅𝐿 = ∅𝑅 = ∅. 
 
However, as the robot expands further, the system losses become significant, and the dynamic model agrees with 
experimental values more closely than the kinematic model. Figure 25(a) presents the directional (2D) dynamic model 
results compared to the kinematic model and experimental data.  
 
 
Figure 25. (a) Directional (2D) locomotion results for the dynamic model, kinematic model, and experiment. (b) Error of the 
dynamic and kinematic models at each advancement step of the robot expressed as a percentage of the maximum robot 








Figure 25(b) shows the error of the dynamic and kinematic models at each locomotion step compared to experimental 
results. The error is defined as the distance between the modeled and experimental front plate locations for a given 
locomotion step, expressed as a percentage of the maximum robot expansion. As for the forward (1D) locomotion 
results, the directional (2D) kinematic model demonstrates a greater tracking accuracy than the dynamic model for 
low motor input rotations (less than 25% of an expansion cycle). However, as the robot expands further and the system 
losses increase, the kinematic model becomes increasingly inaccurate up to 40% error, while the dynamic model error 
remains consistent under 15%. 
 
3.5 Model-Based Design of Robot Parameters 
The purpose of the dynamic model is to form the foundation of a model-based design framework for origami-enabled 
robots. The following section details how the dynamic model developed for PERI 
 can be used to tune the robot design parameters to achieve a desired performance. Consider the stiffness of the bellows 
structure. As the bellows stiffness is increased, the robot can achieve further forward locomotion as shown by the 
simulations run using the dynamic model and presented in Figure 26. However, the increased forward locomotion is 
accompanied by a decrease in the turning curvature of the robot. This trade-off between forward locomotion and 
turning curvature creates a Pareto front for the performance of the robot, for which the bellows stiffness can be tuned. 




Figure 26. Dynamic model Pareto front of the bellows stiffness trade-off between forward advancement of the robot and the robot 
turning curvature, where a higher bellows stiffness increases forward locomotion, but limits the robot turning curvature. 
 
The same analysis is performed for the coefficient of friction for the feet of PERI. Figure 27 is the Pareto front for the 
anisotropic feet design, demonstrating that higher friction impedes the forward locomotion of the robot but allows for 
a tighter turning radius. Once again, from the Pareto front, the ideal coefficient of friction can be selected depending 




Figure 27. Dynamic model Pareto front of the friction trade-off between forward advancement of the robot and the robot turning 
curvature, where a higher coefficient of friction allows for improved robot turning radius but impedes forward locomotion. 
 
3.6 Discussion 
The dynamic model developed in this chapter is formulated from an energy analysis of the origami-enabled crawling 
robot PERI. While a kinematic model of the robot more accurately tracks the robot locomotion for small forward 
locomotion (less than 25% of an expansion cycle), the dynamic model demonstrates superior locomotion tracking 
capabilities over the kinematic model as the system losses increase. As the robot fully expands, the kinematic model 
becomes increasingly inaccurate up to 40% error while the dynamic model error remains consistent under 15%. 
 
The dynamic model is shown to be beneficial in the design of origami-enabled robotic systems and the tuning of 
system parameters. Employing the dynamic model to select the ideal design parameters for a desired performance 
eliminates the ad hoc methods currently used to design origami-enabled robotic systems, and can lead to more optimal 
system designs in a more efficient and timely manner. 
 
While the dynamic model developed in this chapter is tailored specifically for the robotic platform PERI, it establishes 
a much-needed framework that can be extended to other origami-enabled robotic systems. The ability to create a 
system level model for origami-enabled robots that synergistically integrates the origami structures into the system 





4 Summary and Conclusions 
4.1 Summary of the Work and Original Contributions 
This work has investigated some of the challenges introduced by compliant bistable actuation mechanisms, including 
the effects of compliance on the bistability and actuation force of the traditionally well understood buckling beam as 
well as the integration of compliant actuation mechanisms into models that can be used for the design of systems 
enabled by compliant structures. An experimental investigation of bistable truss mechanisms enabled by buckling 
elements has shown that increasing the compliance of the buckling elements lowers the actuation force of the 
mechanism and increases the bistability. In addition, adjusting the compliance of the boundary conditions of the 
buckling element allows for even finer tuning of the mechanism actuation force and bistability. A rudimentary finite 
element model has demonstrated the feasibility of modeling the nonlinearities of high compliance materials and large 
deformations. This work has also developed a foundation for the model-based design of robots enabled by compliant 
structures by synergistically integrating the compliant structures into a model of the robotic system. The energy-based 
model has demonstrated tracking accuracy of experimental results within a 15% error margin, whereas a kinematic 
model produced up to 40% tracking error as the system losses increased. A demonstration has also been provided for 
how the model can be used to design robotic systems enabled by compliant mechanisms and tune the robotic 
parameters for a desired performance level. 
 
4.2 Conclusions 
Adjusting the compliance of a buckling element and its boundary conditions can be used to tune the actuation force 
and bistability of a bistable truss actuation mechanism assembled from an array of buckling elements. 
 
A hyperelastic Neo-Hookean finite element model in Abaqus has the ability to model the material and large 
deformation nonlinearities created by introducing compliance to bistable actuation mechanisms. 
 
The energy-based model of an origami-enabled crawling robot that synergistically incorporates a pseudo-compliant 
origami actuation mechanism demonstrates the ability to track the robot locomotion within 15% error, which is 
superior to the tracking capabilities of a kinematic model of the robot. 
 
The model developed in this work can be extended to other robotic systems enabled by compliant structures by 
modeling the energy of each locomotion component and using Hamilton’s equation to determine the system equation 
of motion. 
 
The model developed in this work can be used to tune the crawling robot parameters and can be generalized to create 





4.3 Future Work 
Future investigations to supplement the presented study of compliant bistable mechanisms include the characterization 
of the Stratasys materials TangoBlack Plus and VeroWhite Plus. Once the properties of these 3D printer materials are 
known, the finite element model of the compliant buckling beam can be validated against the truss mechanism 
experiment data, and the model can be used to design and tune bistable buckling mechanisms using material 
compliance. The rigor of the study can also be increased by creating an analytical model of the compliant buckling 
beam to reduce the computational expense of a finite element model. 
 
The modeled contribution of the individual crawling robot components presented in Figure 18 can be compared to the 
experimental data presented in Appendix B by adjusting the design of the experiment used to characterize the force-
displacement profile of the Kresling cell (Section 3.2.1). A resistive force needs to be applied against the rotation of 
the Kresling cell during the experiment to replicate the resistive forces applied to the cell during the expansion and 
contraction of the crawling robot. In addition, applying the dynamic model to a different robotic system enabled by 
compliant mechanisms can demonstrate the generalizability of the model and its ability to create a framework for the 
design of compliant robotic systems. A straightforward study of the model generalizability can be conducted by 
replacing the origami towers of PERI with multistable truss arrays constructed from the bistable truss mechanisms 
considered in Chapter 2. The performance of the dynamic model can then be investigated when the origami force is 
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Appendix A Bistable Truss Mechanism Geometry 
 
Figure 28 provides the complete dimensions for the bistable truss mechanisms that were fabricated and experimentally 
tested in this work. The truss mechanism top and bottom plates were fabricated from the rigid Stratasys Objet material 
VeroWhite Plus to ensure that all deformation occurred in the bistable beam element and joints. The material of the 
bistable beam and joints varied with the test matrix given in Table 1 for each truss mechanism. 
 
 
Figure 28. Dimensioned schematic of the fabricated and experimentally characterized bistable truss mechanisms. All dimensions 




Appendix B Experimental Investigation of Individual PERI Components 
 
To investigate the effects of the friction feet and the bellows structure on the locomotion of the crawling robot PERI, 
the components were removed from the crawling robot in various configurations, and the resulting locomotion was 
measured using the experimental setup presented in Figure 23.  
 
Figure 29a and Figure 29b present the effects of the friction feet on the locomotion of the crawling robot PERI with 
no bellows structure and with the bellows structure, respectively. The high friction data is for the standard feet of PERI 
printed from the material VeroWhite Plus with measured coefficient 𝜇 = 0.51 (Section 3.2.3). The low friction data 
is measured for the feet replaced with a low friction Teflon material with coefficient of friction 𝜇 = 0.04, measured 
in the same manner as the VeroWhite Plus coefficient of friction detailed in Section 3.2.3. Both with and without the 
bellows structure, the high friction feet generally allow the robot to gain more traction for a tighter turn radius but 
prevent the robot from advancing as far as the low friction feet. Also noteworthy is that decreasing friction produces 
a more erratic locomotion path of the crawling robot. 
 
 
Figure 29. Experimental results of the effects of friction on the locomotion of the crawling robot PERI for (a) no bellows 
structure and (b) with the bellows structure. The low friction case is for Teflon feet with coefficient of friction 𝜇 = 0.04, and the 
high friction case is for the VeroWhite Plus standard PERI feet with 𝜇 = 0.51 (Section 3.2.3). 
 
Figure 30a and Figure 30b present the effects of the bellows structure on the locomotion of the crawling robot PERI 




has been completely removed from the crawling robot. The data presented in Figure 30 is identical to the data presented 
in Figure 29 but is arranged in a different manner to show the effect of the bellows structure on the crawling robot 
locomotion while treating friction as a constant. For both the low and high friction feet, the bellows structure furthers 
the locomotion of the crawling robot. This is expected because the bellows structure is known to operate in 
compression for the entire operating range of the crawling robot (Section 3.2.2). However, the bellows structure 
decreases the turning radius of the robot, verifying the modeled design tradeoff between forward locomotion and 
turning curvature presented in Section 3.5. The addition of the bellows structure also advances the initial location of 
the robot front plate, indicating the bellows structure prevents the robot from fully contracting (Supp. M3, M4, M5). 
 
 
Figure 30. Experimental results of the effects of the bellows structure on the locomotion of the crawling robot PERI with (a) low 
friction feet and (b) high friction feet. No bellows indicates that the bellows structure has been completely removed from the 
crawling robot. 
 
For the experimental data presented in Figure 29 and Figure 30 to be compared to the modeled component 
contributions presented in Figure 18, the experiment design used to characterize the Kresling cell needs to be adjusted 
to match the crawling robot conditions. The force profile for the origami Kresling cell presented in Section 3.2.1 was 
measured with no resistance against the rotation of the cell. In contrary, during the operation of the crawling robot, 
the Kresling cell expansion is resisted by the friction force. The applied resistance causes the Kresling towers to store 
more strain energy than when they are free to rotate and expand. To compare the experimental and modeled crawling 
robot locomotion, a resistance equivalent to that applied by the crawling robot needs to be applied to the Kresling cell 




Appendix C Description of  Supplemental Material 
 
The supplemental material for this work includes five videos. A description of the contents of each supplemental video 
is given below. 
 
M1 Video of the experiment conducted to measure the force-displacement profile for a single origami Kresling 
cell using a universal testing machine (referenced in Section 3.2.1). 
 
M2 Video showing the snapping order of an origami Kresling tower used to enable the locomotion of the crawling 
robot PERI (referenced in Section 3.3.2). 
 
M3 Video from the camera perspective showing the experimental forward locomotion of the crawling robot PERI 
(referenced in Section 3.4.2). 
 
M4 Video from the camera perspective showing the experimental locomotion of the crawling robot PERI for 
turning left (referenced in Section 3.4.2). 
 
M5 Video from the camera perspective showing the experimental locomotion of the crawling robot PERI for 
turning right (referenced in Section 3.4.2). 
